Field emission from graphene is challenging because the existing deposition methods lead to sheets that lay flat on the substrate surface, which limits the field enhancement. Here we describe a simple and general solution based method for the deposition of field emitting graphene/polymer composite thin films. The graphene sheets are oriented at some angles with respect to the substrate surface leading to field emission at low threshold fields ͑ϳ4 V m −1 ͒. Our method provides a route for the deposition of graphene based thin film field emitter on different substrates, opening up avenues for a variety of applications.
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The intriguing properties of graphene arising from its unique energy-momentum dispersion relation have given rise to numerous fundamental studies.
1 Promising applications range from composites, 2-4 sensors, 5, 6 spintronic devices, 7, 8 nonvolatile memory 9 to transparent and conducting electrodes in organic solar cells, light emitting diodes, and liquid crystal displays. [10] [11] [12] [13] Although there has been tremendous interest in cold cathode field emission from carbon materials ranging from diamond, 14, 15 amorphous carbon, 16 vertically aligned multi [17] [18] [19] and single walled carbon nanotubes, 20 and carbon nanosheets, [21] [22] [23] electron emission from graphene has yet to be reported. Field emission from composites based on graphite flakes dispersed in insulating medium has been investigated. 24, 25 Electron emission in composites occurs via field enhancement from graphitic protrusions. The geometrical features of graphene should increase field enhancement, allowing the extraction of electrons at lower threshold electric fields. 26 The electric field enhancement factor ͑␤͒ for laterally macroscopic but atomically thin graphene may be of the order of a few thousand. To take advantage of the high field enhancement, graphene sheets would have to stand on their edges and not lay laterally flat on the substrate. Vertically oriented carbon nanosheets consisting of several layers with good field emission properties grown at high temperature have been reported. [21] [22] [23] Virtually all deposition methods reported thus far for graphene yield sheets laying flat on the substrate. Here we report field emission from randomly but nonlaterally oriented graphene in polymer host deposited using a simple solution based deposition method. Our approach utilizes the scheme of composite preparation 2 to realize the concept of field emitting composite film 24 in which graphene sheets represent the field emission sites. Field emission is demonstrated to occur at low threshold fields ͑ϳ4 V/ m͒ comparable to those of typical carbon nanotube arrays 19 and analogous composite materials based on carbon nanotubes. 27 The field enhancement factor in the emitting samples was extracted to be ϳ1200, assuming a work function of 5 eV.
The most common method for obtaining individual graphene sheets is cleaving of graphite ͑"Scotch tape method"͒. 28 An alternative route to graphene is reduction of graphene oxide ͑GO͒, [29] [30] [31] which can be readily produced in large quantities in aqueous suspensions. 32 Processability of GO enable incorporation into polymer 2 and ceramic 3 matrices where individual graphene sheets remain dispersed. The pioneering work in graphene based polymer composites 2, 33 was realized by the ability to obtain chemically functionalized GO which could be suspended in organic solvents with common polymers such as polystyrene. We utilized the graphene-polystyrene composites methodology to deposit thin films by spin coating to achieve nonlaterally oriented graphene sheets.
Graphite oxide prepared using modified Hummers method 34 was chemically functionalized by phenyl isocyanate ͑see Ref. 33 for detailed methodology͒ and dissolved in dimethylformamide at a concentration of 1 mg/ mL. A homogenous stable suspension of submicron sized functionalized GO sheets was achieved by ultrasonicating the suspension for 10 h. An appropriate amount of linear monodisperse polystyrene ͑M w = 2 014 000 g / mol, polydispersity index = 1.04, Scientific Polymer Products͒ was dissolved in the suspension to achieve a graphene-to-polystyrene volume fraction of 10%. Chemical reduction of phenyl isocyanatetreated functionalized GO was achieved by adding 0.1 ml of dimethylhydrazine into 5 ml suspension and heating the mixture to 80°C for 24 h. The suspension was spin coated onto degenerately doped silicon ͑0.002-0.005 ⍀ cm͒ in a glovebox. After deposition, the composite thin film was annealed at 200°C for 10 h to remove residual solvents and also to achieve further reduction of GO.
The orientation of the graphene sheets in the composite thin films ͑thickness= 10-50 nm͒ can be varied from randomly oriented to laterally oriented by controlling the spin coating speeds. The atomic force microscope ͑AFM͒ images and corresponding line scans of the composite thin films deposited at two shear rates are shown in Figs. 1͑a͒-1͑d͒ . The graphene sheets are readily visible in the figures as submicron sized flakes. At low spin coating speeds, graphene sheets are densely distributed over the substrate ͓Fig. 1͑a͔͒. The brighter regions in the AFM image in Fig. 1͑a͒ Fig. 1͑e͒ . From AFM profilometry, the protrusions typically appear as 5 -10 nm peaks above the film surface ͓Fig. 1͑b͔͒. At higher spin coating speeds, the sheets are sparsely distributed ͓Fig. 1͑b͔͒ and oriented almost parallel to the substrate surface and often embedded within the polystyrene ͓Fig. 1͑d͔͒. At low spin coating speeds, the shear force is sufficiently small to maintain the random orientation of graphene sheets and the polymer solidifies before the sheets align parallel to the substrate surface, as schematically described in ͓Figs. 1͑e͒ and 1͑f͔͒.
In order for field emission to occur, electrons must be injected from the back contact into the film and then emitted into vacuum. Therefore, efficient conduction through the film and large field enhancement in proximity of the film surface are essential for electron emission. GO is insulating but can be reduced to disorder-containing graphene in polystyrene to render the composite thin films conductive. 3 The through film resistance was found to be very low but accurate measurements were challenging due to the film thinness. Therefore, we used lateral resistivity to infer the orientation of the graphene sheets. The lateral resistivities were found to be higher for films deposited at low and high spin coating speeds ͑Fig. 2͒. Changes in lateral resistivity with spin coating speed can be explained by the two following effects: changes in the orientation at low spin coating speeds and decreased percolation of graphene sheets at high spin speeds. That is, as the spin coating speed is increased, graphene sheets become more preferentially oriented parallel to the substrate, thus facilitating in-plane electrical conduction.
However, at very high spin coating speeds, the distance between graphene sheets increases to the point where percolation among the sheets is diminished, which decreases the conductivity.
Field emission of the composite thin films was measured as a function of the spin coating speeds. In order to confirm that the measured field emission characteristics were due to graphene and not artifacts, measurements of the bare substrate and pure polystyrene were also performed and revealed no emission. The current density versus the applied field for two films deposited at 600 and 2000 rpm are shown in Fig.  3 . It can be seen from the figure that the threshold field required to drive a current of 10 −8 A / cm 2 is significantly lower for the 600 rpm sample ͑ϳ4 V/ m͒ compared to the 2000 rpm sample ͑ϳ11 V / m͒. The much lower threshold field for electron emission in the 600 rpm sample suggests significantly higher field enhancement factor. Furthermore, the current from the 2000 rpm sample does not saturate at high fields, suggesting that the emission is limited by the resistance of the thin film. The low threshold field emission and higher current with increasing field further support the AFM and electrical measurement data. The 4 V / m threshold field for the graphene comosite samples is higher than the lowest threshold fields of carbon nanotubes 35 and other carbon-based materials 15,36 ͑0.5-1 V / m͒ reported in the literature. However, such low threshold fields in carbonaceous materials have been found to be a consequence of local inhomogeneities ͑i.e., large protrusion͒ and careful analysis reveals that for uniformly spaced emitters, field emission occurs at several V / m. 19 The maximum current density we obtained was 1 mA/ cm 2 , which is below the highest value reported for carbon nanotubes ͑ϳ4 A/ cm 2 ͒ ͑Ref. 37͒ but consistent with vertically aligned nanotubes when space charge within the emitted beam is not mediated. 38 The field enhancement factor ͑␤͒ can be extracted from the field emission data, assuming that the data in Fig. 3͑a͒ are described by the Fowler-Nordheim ͑FN͒ equation. 39 ␤ can be obtained from the linear region of the FN plot shown in Fig. 3͑b͒ and assuming the work function of graphene to be 5 eV. The curvature of FN plot at low field may be attributed to the statistical variation of geometrical, structural, and electronic characteristics of field emitting sites. 40 The ␤ values from the FN plots were found to be ϳ1200 and 700 for the 600 and 2000 rpm samples, respectively. We also found that presence of polystyrene is necessary to achieve large field enhancement by comparing field emission from polystyrene free thin films. Thus, it appears that for composite films deposited at 600 rpm, field enhancement is facilitated by the polystyrene matrix, 27 which enables the graphene sheets to be oriented at some angle with respect to the substrate surface. Besides the morphological and topographical factors mentioned above, field enhancement can also be determined by interfacial effects. Graphene sheets are likely to be covered by polystyrene forming metal-insulator-vacuum interface 25 or partially exposed forming a triple junction, 41 which complicates the physical mechanism of field emission. 42, 43 Image analysis of the samples after the field emission measurements revealed that the surface was largely unchanged, indicating that cold cathode emission is responsible for the observed data and is not due to artifacts such as microarcing.
A simple method to deposit graphene cold cathodes for field emission has been demonstrated. By dispersing the graphene in polystyrene and depositing the composite such that the sheets are somewhat vertically aligned leads to an increase in the field enhancement factor as high as 1200. This allows electron emission to occur at low threshold voltage, making graphene an excellent candidate for field emission applications. The ability to deposit field emitting graphene composite thin films from solution could allow large area deposition on inexpensive and flexible substrates which may open up exciting applications. This work was funded by the National Science Foundation CAREER Award ͑ECS 0543867͒. 
